Abstract: A series of bis(3-hydroxy-N-methyl-pyridin-2-one) ligands was synthesized and their respective uranyl complexes were characterized by single crystal X-ray diffraction analyses. These structures were inspected for high-energy conformations and evaluated using a series of metrics to measure co-planarity of chelating moieties with each other and the uranyl coordination plane, as well as to measure coordinative crowding about the uranyl dication. Both very short (ethyl, 3,4-thiophene and o-phenylene) and very long (α,α'-m-xylene and 1,8-fluorene) linkers provide optimal ligand geometries about the uranyl cation, resulting in planar, unstrained molecular arrangements. The planarity of the rigid linkers also suggests there is a degree of pre-organization for a planar coordination mode that is ideal for uranyl-selective ligand design. Comparison of intramolecular N amide -O phenolate distances and 1 H NMR chemical shifts of amide protons supports earlier results that short linkers provide the optimal geometry for intramolecular hydrogen bonding.
Introduction
Early actinides are unique in the f-block of the periodic table due to their ability to adopt a wide range of oxidation states (typically 3+ to 6+), with uranium, neptunium and plutonium able to readily adopt the 5+ or 6+ oxidation states in oxidizing or in vivo conditions. In such high oxidation states the actinide elecrophilicity results in the formation of dioxo cations of the general formula AnO 2 n+ (actinyl, An = U, Np, Pu; n = 1, 2) 2 which is linear to within a couple degrees in most of its coordination 3 compounds with few exceptions. [3] [4] [5] While the oxo atoms in AnO 2 + cations [An(V)] exhibit some Lewis basic behavior [6] [7] [8] [9] similar to transition metal oxo species, the oxo atoms in AnO 2 2+ cations [An(VI)] display poor Lewis basicity and are typically only observed to interact with Lewis acids when in the solid state and in carefully designed coordination environments. [10] [11] [12] [13] [14] Furthermore, the non-spherical geometry of actinyl cations makes them particularly problematic for polyaminoacetic acid-based chelation therapies due to the incomplete utilization of the spherically-arranged chelating atoms therein. 15 The resultant low association constants and in vivo affinity for actinyl cations emphasizes the need for high-efficiency, actinyl-selective chelation agents for decontamination applications of both biological and environmental systems.
Most actinyl chelation efforts have focused on the uranyl cation (UO 2
2+
) because uranium is a naturally-occurring actinide element and is the primary source of nuclear fuel for civilian and military applications. 16 Design strategies for actinyl specific ligands must differ from those for spherical ions to enable ligand coordination only in an equatorial plane perpendicular to the O=An=O vectors. The equatorial coordination plane displays little to no orbital-dictated directionality, with observed coordination geometries ranging from trigonal-through hexagonal-planar, depending on ligand sterics and chelating ability. 12, [17] [18] [19] While previous uranyl chelation efforts in our laboratory have attempted to employ ligand-directed Lewis acid/base interactions with the terminal oxo atoms, 20, 21 recent work has explored the more classical equatorial coordination behavior of the uranyl cation with tetradentate bis (3- hydroxy-N-methyl-pyridin-2-one) (bis-Me-3,2-HOPO) ligands. 22, 23 Linearly-linked nLi-Me-3,2-HOPO ligands (where "Li" stands for "linear" and "n" represents the number of methylene units in the linker) bind at four points of a pentagonal-planar coordination geometry about the uranyl cation, with the fifth position occupied by solvent. 23 This behavior is similar to the geometry observed with the unconstrained, propyl-substituted bidentate Pr-Me-3,2-HOPO moiety 23 and is also observed with other 4 bidentate ligands of similar bite angle (e.g. 3-hydroxy-pyran-4-ones, 1,2-HOPO, tropolonate). 24-26 1 H NMR studies revealed that short linkers (e.g. 2Li-) optimize an intramolecular hydrogen bond responsible for stabilizing the deprotonated and metal-chelated forms of Me-3,2-HOPO and catecholamide ligands; 27 rigidifying this geometry using the 3,4-thiophene linker resulted in the most planar coordination mode about the uranyl cation yet observed with this ligand class. 22 Our focus here is to expand the known coordination behavior of bis-Me-3,2-HOPO ligands with the uranyl cation by utilizing a variety of rigid linkers and examining the crystal structures of their uranyl complexes. Therefore, a series of bis-Me-3,2-HOPO ligands containing aromatic linkers were designed, synthesized and their UO 2 complexes crystallized ( Figure 1 ). The linkers were chosen to provide diverse ligand geometries and degrees of rigidity via the ring size/substitution and absence/presence of flexible methylene spacers, respectively. Similar to "nLi-" notation, the number of carbon atoms between the amide nitrogens (hereon referred to as n) was varied between 2 and 5, providing a similar ligand size scope to that explored previously. 23 The 1,8-fluorene linker in L 12 H 2 was included because conformational analysis by the program HostDesigner 28, 29 suggested it would provide a coordination geometry similar to that seen with 4Li-Me-3,2-HOPO, which itself has been shown to approach the unconstrained uranyl chelation geometry observed using Pr-Me-3,2-HOPO. 
Experimental Section
General Information. Unless otherwise noted, all chemicals and solvents were purchased from commercial sources and used as received. All reactions brought to reflux were done so with an efficient condenser attached to the reaction flask. NMR spectra were collected using Bruker AMX-400 and AM- X-ray Diffraction Data Collection/Refinement: Uranyl complex crystals were mounted on captan loops with oil and cooled under a controlled temperature stream of liquid nitrogen boil-off during data collection. X-ray diffraction data were collected at the UC Berkeley X-ray crystallographic facility, using either Bruker SMART 1000 or APEX I detectors with Mo K α radiation, or at Endstation 11.3.1 at the Advanced Light Source (ALS) at LBNL, using a Bruker Platinum 200 or APEX II detector with synchrotron radiation (hυ = 16 keV). All data were integrated by the program SAINT. 30, 31 The data were corrected for Lorentz and polarization effects. Data were analyzed for agreement and possible absorption using XPREP and an empirical absorption correction was applied in SADABS. 32, 33 Equivalent reflections were merged without an applied decay correction. All structures were solved using direct methods and were expanded with Fourier techniques using the SHELXL package. 34 Convergence was reached by repeated least squares refinement on F 2 against all reflections. Least squares planes and angles between them were calculated using the SHELXL package. 34 Further details
on the crystallographic refinement of the crystal structures are provided in the Supporting Information. The uranyl complexes ranged in color from orange to red, and in some cases brown [UO 2 (L 2 )], but their hue is observed to be solvent-dependent, with the complexes typically dark red in the presence of DMSO or DMF, and lighter red or orange in the presence of water or methanol. It is known from previous work with UO 2 (bis-Me-3,2-HOPO) complexes that the uranyl coordination plane is not saturated by the bis-Me-3,2-HOPO ligands, 22, 23 and so this color change is most assuredly caused by variable coordination at the fifth equatorial position, modifying the ligand-to-metal charge-transfer transition energy. This behavior also explains the general inability to isolate the uranyl complex free of 11 solvent, whether in a crystalline or amorphous phase. Because the uranyl center must coordinate a fifth atom to achieve coordinative saturation with bis-Me-3,2-HOPO ligands, the solvent system was of utmost importance in crystallization processes, with DMSO generally yielding the most reproducible products. As a result of this coordinative variability, crystal color ranged from orange to deep red, with solvent inclusions common in the crystal lattice.
While uranyl complexation reactions with most ligands depicted in Figure 1 Table 1 . 223 (2) 161 (2) 193 (2) 165 (2) 155 (2) 180 (2) . Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms and non-coordinating solvent molecules are omitted for clarity; disorder in coordinated solvents is included. Oxygen atoms are red, carbons gray, nitrogens blue, sulfurs yellow, and uranium silver.
In a result consistent with prior studies, Figure 2 to be coordinated by a water molecule, but in fact the 14 coordinating oxygen is an amide oxygen from another UO 2 (bis-Me-3,2-HOPO) moiety in the crystal, resulting in one-dimensional coordination polymer chains in the crystal lattice. 35 Because these complexes are soluble in DMSO and DMF, the polymeric structure must be a strictly solid state phenomenon, with the coordination plane in both species completed by a solvent molecule. In all cases, the uranyl cation deviates no more than 5° from linearity, with an average U=O oxo bond distance of 1.78 Å that varies a maximum of 0.02 Å intermolecularly. Cursory inspection of the crystal structures reveals that the degree of co-planarity of the HOPO moieties varies depending on the linker used, which is consistent with other UO 2 (bis-Me-3,2-HOPO) structures. 22, 23 A point of comparison is necessary for further structural analysis, and the one chosen for the purpose of this study is the previously reported UO 2 (Pr-Me-3,2-HOPO) 2 (DMF) structure. 23 This was chosen because it displays the coordination preferences of the Me-3,2-HOPO with the uranyl cation, while being unconstrained by the geometric requirements imposed by a linker between the chelating moieties. Table 2 The crystal structures in Figure 2 exhibit a significant amount of variation in the equatorial O-U-O angles, which are numbered according to Figure 3 and are compared against those in the UO 2 (Pr-Me-3,2-HOPO) 2 (DMF) complex in Table 3 Table 3 . Uranyl oxo atoms are removed for clarity. In addition to the variable ligand bite angle about the uranyl cation, each ligand clearly exhibits a different amount of flexibility; some ligands appear completely planar, while others bend either their The second evaluated metric, φ, represents the angular deviation between the least squares plane of each Me-3,2-HOPO ring and the uranyl coordination plane as defined by the least squares plane that includes the five equatorially coordinated oxygen atoms. As with θ, a low φ value is consistent with a planar coordination mode of the Me-3,2-HOPO moiety, while a high φ indicates ligand ruffling and by extension, a disagreement between the ligand geometry and uranyl coordination preferences.
The third metric, Σ n , corresponds to the total equatorial angle sum about the uranyl cation. In perfectly planar uranyl coordination, the sum (Σ n ) of angles  1 through  5 would be 360°. If coordination about the uranyl plane becomes crowded due to ligand geometry or steric hindrance, the coordinating oxygens can move out of planarity, and thus the total angle sum about the uranyl cation would necessarily be greater than 360°, with larger values indicating a more strained structure. Large differences in Σ n are not expected because the coordination environment is not solely dictated by the bis-Me-3,2-HOPO ligand geometry; the fifth coordination site is occupied without exception by a separate molecule -typically solvent -that coordinates to the uranyl cation free from the steric constraints of the bis-Me-3,2-HOPO ligand, giving rise to only small differences in Σ n . Because the current study attempts to find a rigid ligand that best complements the uranyl coordination geometry, structures in which the metrics above approach their minimum possible values (0° for θ and φ, and 360°
for Σ n ), while at the same time providing a relatively rigid ligand scaffold, can be considered to provide optimal geometric complimentarity to the uranyl coordination preferences. The conformational parameter values for UO 2 (bis-Me-3,2-HOPO) structures are listed in Table 4 along with n and are compared against those of the UO 2 (Pr-Me-3,2-HOPO) 2 (DMF) structure. Despite being unconstrained by a linker, UO 2 (Pr-Me-3,2-HOPO) 2 (DMF) displays larger than expected θ and φ values, indicating that small deviations do not necessarily represent a poor geometric agreement between ligand geometry and uranyl coordination preferences. However, the total equatorial angle sum Σ n is ideal within error. Because the uranyl complexes with 3Li-, 4Li-, and 5Li-Me-3,2-HOPO are reported to have θ values of 38.86°, 9.68°, and 13.40° respectively, 23 and because 4Li-Me-3,2-HOPO exhibited the closest approach to the overall geometry seen in the UO 2 (Pr-Me-3,2-HOPO) 2 Table 4 H 2 ·DMSO crystal structure. Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms are omitted for clarity except for phenolate hydrogens. Oxygen atoms are red, carbons gray, nitrogens blue, sulfur yellow, and hydrogens are black. ), which becomes less severe upon increasing n in complexes with nLi-Me-3,2-HOPO ligands. imposes a rather strained coordination geometry about the uranyl cation according to conformational parameters in Table 4 , it does seem to adopt a geometry that favors the hydrogen bonding tendencies of bis-Me-3,2-HOPO moieties.
With the exception of the twisted amide in UO 2 (L ppm and 10.09 ppm, respectively, the difference in complexed proton shift is most likely a result of the geometric differences between the two linkers and its consequences on intramolecular hydrogen bonding, and does not stem from a difference in linker electronics. As mentioned before, the ortho substitution angle on a thiophene is 12° larger than on a benzene, and thus we hypothesize that increased distance between the linking amides is the cause for the optimized hydrogen bonding in provide an optimal intramolecular hydrogen bonding interaction, likely due to the substitutional angles of the amides at the thiophene ring that result in its favorable geometric arrangement about the uranyl cation.
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